Previous studies on the clastogenic effects of mutagens on human sperm chromosomes were reviewed.
Introduction
Since the development of an interspecific in vitro fertilization system between human spermatozoa and zona-free golden hamster oocytes [1, 2, 3, 4] , a number of cytogenetic studies with human spermatozoa have been carried out during the last two decades [5, 6, 7, 8] . This method has been applied to chromosomal studies of spermatozoa exposed in vitro to various mutagens. The mutagenicity testing with human spermatozoa is valuable for the following reasons. First, effects of mutagens can be assessed directly in human gametes. This approach is especially important, because it has been shown that susceptibility to some mutagens is very different between somatic and germ cells, and also between laboratory animal species. Second, human spermatozoa are obtainable far more easily than human oocytes, and their in vitro treatment with mutagenic agents is also easy. Third, mature spermatozoa are thought to be highly vulnerable to mutagens, because they have no cytoplasm, and therefore, have no DNA-repair capacity. This is in marked contrast to oocytes and somatic cells. In this connection, it is noteworthy that the majority of de novo structural chromosome aberrations in fetuses and newborns are of paternal origin, that is, of sperm origin [9] .
We review here the previous studies on the chromosomal abnormalities in human spermatozoa exposed to various qualities of ionizing radiation and chemicals.
Effects of radiation

Chromosome analysis
The effects of radiation on human sperm chromosomes have been studied with five kinds of ionizing radiation, i.e., 137 Cs gamma-rays [10, 11] , 60 Co gamma-rays [12, 13] , X-rays [14] , 3 H beta-rays [15] , and 252 Cf fission neutrons [12] . In our gamma-ray experiment [11] , the incidence of spermatozoa with radiation-induced structural chromosome aberrations (Y) increased exponentially with increasing dosage (D), being expressed by an equation, Y(%)=100 (1-e -0.514D ) ( Table 1 , b and Fig. 1 ). Within the low dose area, however, the dose-dependent increase was linear (Table 1, c) . In our studies [11, 12, 14, 15] , the slope of the linear equation was similar with four kinds of radiation (Table 1 , c,d,f,g and Fig. 1) , showing the relative biological effectiveness (RBE) values of approximately 1. In the data of Brandriff et al. [10] and Alvarez et al. [13] (Table 1 , a,e), however, the equations had a much slower gradient than ours.
Although, we cannot explain why the dose-dependent increases were so different between their experiments and ours, one possible reason seems to lie in the difference of the chromosome preparation technique [14] .
In the neutron experiment [12] , on the other hand, the slope of the dose-effect equation was steeper, indicating that neutrons were more effective than the other four kinds of radiation in inducing chromosomal damage in human spermatozoa (Table 1, h and Fig. 1 ).
The dose-dependent increase of chromosomally abnormal spermatozoa was almost the same with acute (1.36 Gy/min) and chronic (1.7 cGy/min) exposures to gamma-rays (Table 1, Dose-effect equations for the induction of breakage-type and exchange-type chromosome aberrations were also compared among five kinds of radiation (Table 2 and Fig. 2 ). Breaks occurred far more frequently than exchanges, and showed a linear increase with dose, whereas the exchanges showed a quadratic increase. RBE values estimated from these data were similar to the preceding RBE value obtained from the incidence of chromosomally abnormal spermatozoa.
In relation to the high radiosensitivity of human spermatozoa, it is noteworthy that spermatozoa retained a high fertilizing ability even after a high dose of irradiation, such as 4.23 Gy of gamma-rays. This suggests that radiation-induced DNA damage in spermatozoa may be transmitted to the next generation without being selected out at fertilization.
We have also studied the effects of microwaves [16] and extremely low frequency electromagnetic fields [17] , and found that these agents have no clastogenic effect on human sperm chromosomes.
Micronucleus test
The chromosomal study of human spermatozoa is very time-consuming and demands considerable skill. On the other hand, the micronucleus (MN) test has been shown to be a simple and rapid method to measure chromosomal damage in mutagen-exposed somatic cells [18, 19] . This method was applied to the sperm chromosome study for assessing clastogenic effects of radiation [20, 21] . The frequency of MN was examined at the 2-cell stage after in vitro fertilization of hamster oocytes with gamma-irradiated human spermatozoa. The incidence of 2-cell embryos with MN was consistent well with the incidence of spermatozoa with chromosomal breaks and fragments, showing nearly the same dose-effect equations (Table 3 ). This indicates that the MN test is useful as a substitute for sperm chromosome analysis. Nevertheless, the radiosensitivity of human spermatozoa measured by the MN test or by chromosome analysis showed a great difference between the report of Tusell et al. [21] and ours [20] . The reason of this is puzzling, although some methodological differences are present between the two studies, such as chromosome preparation technique, radiation source and dose rate.
Later, the MN test became more sophisticated by incorporating FISH technique with human and hamster genomic DNA probes, making it possible to distinguish betweem MN originated from human sperm chromosomes and MN from hamster oocyte chromosomes, and to distinguish between MN originated from acentric fragments and MN from whole chromosomes [22, 23] .
Comparative radiosensitivity in mammalian spermatozoa
The dose-response relationship for the induction of structural chromosome aberrations in X-irradiated spermatozoa was compared among four mammalian species (Table 4) . Chromosome analyses were performed in mouse, golden hamster and Chinese hamster spermatozoa after intraspecific fertilization, and in human spermatozoa after interspecific fertilization with golden hamster oocytes. The slope of the dose-effect equation was steepest in human spermatozoa, followed by golden hamster, Chinese hamster, and mouse spermatozoa. The slope of the equation was considerably slower in the last two species, showing 2.4-and 3.7-fold lower radiosensitivity than human spermatozoa. The high incidence of radiation-induced chromosome aberrations in human and golden hamster spermatozoa may reflect a low DNA-repair capacity of golden hamster oocytes [25] .
Effects of chemicals
Direct effects of chemicals
The direct effects of various chemicals on human sperm chromosomes were studied in vitro, using the interspecific fertilization system with hamster oocytes (Table 5) .
A significant increase of structural chromosome aberrations was found in spermatozoa treated with antineoplastic agents such as bleomycin [26] , daunomycin [26] , methyl methanesulfonate [26] , triethylenemelamine [26] , neocarzinostatin [27] and mitomycin C (MMC) [28] , and also with a carcinogen, N-methyl-N'-nitro-Nnitrosoguanidine [29] . Generally speaking, the incidences of cells with chromosome aberrations were higher in spermatozoa than in somatic cells, in spite of the much shorter duration of in vitro exposure to chemicals in the former [26] . This seems to reflect the fact that spermatozoa have no capacity to repair DNA damage, as mentioned earlier.
Furthermore, the motility and the fertilizing ability of spermatozoa treated with chemicals was not reduced at all, suggesting that no selection of spermatozoa with chromosome aberrations takes place at fertilization, at least as far as the above-mentioned chemicals are concerned.
In contrast, cyclophosphamide (CP) [31] had no clastogenic effect in spermatozoa, although a positive effect was found in somatic cells. However, this is not surprising, because it has been shown that the metabolite of CP, rather than CP itself, induce aberrations, as will be mentioned later. A negative effect was also found with urethane [29] , nitrobenzene [29] , 2,3,7,8-tetrachlorodibenzo-p-dioxin [30] , benzo(a)-pyrene (BP) [31] , and N-nitrosodimethylamine (NDMA) [31] .
Effects of chemical metabolites
It was shown in somatic cells that chromosome-damaging effects of chemical metabolites are detectable in vitro by using a microsomal fraction (S9) which is prepared from rat liver tissue [32, 33] . This metabolic activation system was applied later to human sperm chromosome studies for assessing clastogenic effects of chemical metabolites [28, 31] . Spermatozoa were exposed in vitro to MMC, CP, BP or NDMA for 2 hours in the presence (+S9) or absence (-S9) of S9, and the results of chromosome analysis were compared between the two groups (Table 5) .
In MMC experiments, dose-dependent increases of structural chromosome aberrations per spermatozoon were evident in both groups, but a much steeper slope was found in the presence of S9 [28] . This indicates that both MMC itself and its metabolites are clastogenic, but the latter has a much stronger effect.
When the spermatozoa were treated with CP, BP and NDMA in the absence of S9, none of these chemicals induced structural chromosome aberrations. With S9, however, a significant increase of aberration frequency was observed for CP and BP [31] . Thus, clastogenicity of CP and BP metabolites, which was shown in somatic cells, was also confirmed in human spermatozoa. In contrast, NDMA did not induce chromosome aberrations in the presence of S9, although positive results were reported in somatic cells. This suggests that NDMA metabolite(s) may not access DNA in spermatozoa, or that NDMA may need the cytoplasmic pathway(s) involved in the production of DNA-damaging metabolites which are not available in spermatozoa.
In vivo studies in cancer patients
Some investigators carried out cytogenetic studies of spermatozoa obtained from cancer patients who had undergone radio-and/or chemotherapy. In these studies, spermatozoa were exposed to the therapeutic agents at their spermatogonial stage, except in a few studies [ ,43,44] in which the agents were given at later stages of spermatogenesis (spermatocytes to mature spermatozoa).
As shown in Table 6 , inconsistent results were obtained. Some investigators found significant increases in both numerical and structural chromosome aberrations [34, 41] , other groups found increases only in structural aberrations [36, 37, 38] , and others found no effect in either aberrations [35, 39, 42, 45] . In these studies, therapeutic treatments exposed spermatogonial stem cells to risk, so that the spermatozoa carrying structural chromosome aberrations are the descendants of affected spermatogonia which survived subsequent mitotic and meiotic divisions to form mature spermatozoa. Thus, the majority to abnormal spermatozoa are expected to have structural chromosome aberrations of the stable type such as inversions and reciprocal translocations. However, a considerable number of abnormal spermatozoa did have unstable aberrations. Positive results of aneuploidy induction were found by using sperm nuclear FISH [43, 44, 46] , but this method is not available for detection of structural chromosome aberrations. Thus, existing results are insufficient and controversial. Further studies are necessary in order to draw conclusions.
Conclusion
The clastogenic effects of radiation and chemicals on human sperm chromosomes have been studied in vitro by many investigators, using a human sperm-hamster oocyte fertilization system and a metabolic activation system with S9. These studies revealed that human sperm chromosomes are highly vulnerable to radiation and some chemicals or their metabolites. Moreover, it was found that human spermatozoa retain fertilizing ability even after a high doses of radiation and chemicals, suggesting that chromosome aberrations in spermatozoa may not be selected but transmitted to the next generation. Therefore, the in vitro assay with human spermatozoa is thought to be valuable as a sensitive system to assess potential genetic (transgenerational) effects of physical and chemical mutagens. In future, this assay has to be extended to various suspicious agents such as medical drugs, food additives, and pesticides, for which information on mutagenic potency in humans is still insufficient. a Y indicates the percentile yield of spermatozoa with chromosome aberrations, and D the dose in Gy. b For correct comparison, the net incidence of spermatozoa with chromosome aberrations was calculated using the formula described by us [14, 15] . - [29] Nitrobenzene 500 ug/ml (-S9) 120
- [29] 2,3,7,8-tetrachlorodibenzo-p-dioxin 1.0-5.0 ug/ml (-S9) 120
- [30] Mitomycin C 5.0 ug/ml (+S9) 120 + [28] 
